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This paper focused of a robust flight control system (FCS) for a small UAV. The main 
objective of this design is to ensure the small UAV can fly safely in severe gusty 
conditions. The Superaugmentation FCS consisted of Stability Augmentation System 
(SAS) and Command Stability Augmentation System (CSAS) was developed in UTM-
LST to improve the dynamic characteristics of the longitudinal stability of UAV; i.e 
UTM Camar. A combination of the variable stability technique along with advanced 
flying and handling qualities (FHQ) requirements are used to reduce the gust effect 
on the aircraft or UAV. The results obtained from the simulation studies showed that 
the superaugmented aircraft can be operated in severe gust environments than 
augmented aircraft.  The result from here has reduced strain on the elevator activity 
in both extreme and calm weather conditions. Moreover, the superaugmentation FCS 
in the longitudinal axis meets the requirements of the level 1 handling qualities 
specification in flight phase.   
Keywords:  
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1. Introduction 
 
Unmanned Aerial Vehicles (UAVs) became widely used in civil and military applications due to 
their versatility and the fact that they represent no risk to their operators. The demand for 
improvement of performance, stability and efficiency of the UAV is an important and continuous 
research topic for the future. Much work has been done for improvement of flight control for the 
small UAVs to increase their safety and reliability during flight [1, 2]. However, the performance of 
the small UAV in the gusty wind condition is still suffering comparing to the large aircraft. This is 
because it has low inertia so that a disruption gust can change its attitude very quickly [3]. Besides 
that, it has low velocity so turbulences and gusts can change its airspeed flight condition 
dramatically over a very short period, resulting in unwanted motion. Up to this point, it seems that 
there is a significant design trade-off between an aircraft's ability to fly in gusty conditions and its 
size. A small UAV is desirable for some reasons such as low cost, safe to fly over urban due to the 
low probability of injury or fatality in case of crash, because of the small amount of kinetic energy 
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that it has but is obviously harder to operate in turbulence. This visible compromise strictly limits 
the aircraft that can be used for these types of missions. 
For this reasons, the flight control systems have to be designed to avoid these undesirable 
events. Most of small UAV Flight control systems make use of low-cost commercial-off-the-shelf 
flight control system. Most of these systems use classical Proportional-integral-derivative (PID) 
controllers where ad-hoc methods are used to tune the controller gains in flight. This methodology 
is time-consuming and high-risk [4]. Besides that, little attention has been spent on the assessment 
of flying and handling quality standards. Although awareness of UAV design requirements, 
elaboration of flying and handling qualities is one of the major steps which will enable the designer 
to go to the flight test phase confidently. 
 
 
Fig. 1. The boundaries of Dropback Criteria 
 
2. Advanced FHQ 
 
Flying and handing qualities (FHQ) play a significant and necessary role in control system design 
for aircraft [5, 6]. In order to ensure the accomplishment of desired mission safely and successfully 
with the minimum amount of workload for the pilot, the control system needs to satisfy the 
corresponding specification and standards. The automatic flight control system design begins by 
determining the design goals from the relevant handling qualities specification. The handling 
qualities specifications widely applied in industry are military flying qualities specifications MIL-
SPEC-8785C [7], Military Standard MIL-STD-1787B [8]. It is customary to rate handling qualities in 
terms of Cooper and Harper [9] levels. 
 
2.1 Control Anticipation Parameter (CAP) Criterion 
 
The CAP criterion was developed to predict the precision that a pilot could expect in controlling 
an aircraft’s flight path. Nevertheless, it is required to obtain a lower order equivalent system to 
apply this criterion for highly augmented aircraft. Although the normal acceleration response is 
determined by the aerodynamic property, the CAP criterion aims to assess the transient peak 
magnitude of angular pitching acceleration which is mainly decided by the short period dynamics 
after the pitch control input. Therefore, it is significant and universally used to evaluate 
acceptability of the short period mode feature according to aerodynamic properties and the 
different operating conditions [10]. The formal definition of CAP is the amount of instantaneous 
angular pitching acceleration per unit of steady state normal acceleration. The value of CAP is given 
in terms of second order like parameters and which is currently in use. 
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 
Volume 40, Issue 1 (2017) 27-37 
29 
 
Penerbit
Akademia Baru
( )
( )
2 2
ns ns θ2
z α
q 0 ω ω g TCAP
n N U
  .  .
 
∞
= = =
&
          (1) 
 
CAP is evaluated graphically by parameters ωns and Nα as shown in Fig.6, using reduced second 
order aircraft model for the step response of short period (SPO) mode. 
 
2.2 Gibson’s Dropback Criterion 
 
The Gibson’s Dropback criterion aims to design a command and stability augmentation system 
(CSAS) which could give an aircraft with satisfactory handing qualities. This criterion is described as 
limiting values with pitch rate overshoot ratio qm/qs versus the ratio of attitude Dropback to 
steady pitch rate (∆θpeak/qs), which are shown in Fig. 2. Here, criterion mappings are related to 
qualitative descriptions of the response such as abruptness, sluggishness, and bobbling. Negative 
Dropback is an indication of sluggishness, while large positive values of Dropback indicate abrupt 
and bobbling tendencies [11]. 
 
3. Mathematical Equation of Aircraft Motion 
3.1 Aircraft Model Description 
 
The aircraft chosen for the research is UTM-UAV (shown in Fig.2). This UAV developed by the 
researchers in Universiti Teknologi Malaysia (UTM). The plane has a V-tail configuration with 
Ruddervator control surfaces. The aircraft uses a swept-sweptback wing and has both aileron and 
flap control surfaces. A summary of relevant physical parameters of the UTM-UAV is presented in 
Table  1. 
 
 
Fig. 2. Research Aircraft: UTM UAV 
 
Table 1 
Summary of important aircraft geometry 
Parameter Description Value and Units 
S wing reference area 0.397 m
2
 
B wing span  1.979 m 
Cmean wing chord  0.213 m 
M Aircraft mass  5 kg 
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3.2 UTM-UAV Open Loop Model 
  
In this paper, the UTM-UAV is modelled using six degrees of freedom nonlinear model 
developed by Nogoud [12]. However, for design purpose, only the longitudinal motion of the 
aircraft is considered in this paper. Using trim and linearization routines, the aircraft equations of 
motion have been linearized for different flight conditions in terms of altitude, speed and center 
gravity position. Then, as usually done in flight control systems [13-15], the phugoid mode was 
eliminated and only the short period mode was considered. The actuators dynamics are modelled 
using second order transfer functions. The state-space representing the elevator actuator dynamics 
are given in equation 2. Thus, by adding the elevator actuators dynamics in equation 2 to the 
reduced order of aircraft longitudinal dynamic, the unaugmented reduced order model is 
represented by a 4th order state space model, results in the state space equation as presented in 
equation 3. 
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3.3 Atmospheric Disturbance Model 
 
The atmospheric disturbance model implemented is that as presented in MIL-F-8785C [16]. 
There are two main components to this model: a turbulence model and a discrete gust model. Two 
turbulence models are presented in MIL-F-8785C, the von Karman method, and the Dryden 
method. The Dryden form has been implemented in this instance due to ease of implementation in 
the time domain. 
The atmospheric turbulence is modeled by Dryden’s function; it is shown by Eq. (4) in its state 
space form [13]. 
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The filter gain and time constant (Twa) were identified by: 
 
0
w
wg  
L
T
U
=             (5) 
 
The discrete gust as defined by MIL-F-8785C [16] has the “1 – Cosine” shape given by eq. (6). 
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where ug, vg, and wg are gust magnitudes, and dm is gust lengths, this gust length is user defined so 
that the gust can be tuned to each of the natural frequencies of the aircraft and its flight control 
system. 
 
4. Superaugmentation Flight Control System 
 
Figure 3 shows the proposed structure of the longitudinal flight control system design. To track 
the pitch rate commands qcom, the controller architecture consists of a Stability Augmentation 
System (SAS) and a Command Augmentation System (CAS). The inner loop feedback or the SAS is 
formed of two feedback loops with gains kα and kq, and it is necessary to improve the aircraft 
stability. The gains kα and kq are adjustable gains and must be tuned in order to improve the aircraft 
stability. 
The Command Augmentation System CAS is composed of an integral controller ki, feedforward 
gain km and pre-filter PF(s). The gains in CAS it is to improve the aircraft handling qualities. The 
command variable, as shown in Figure 3 is the pitch rate qcom, which after being compared with the 
pitch rate feedback, q, is integrated to give exactly the amount demanded. This type of command 
and stability augmentation system (CSAS) is called a pitch rate command/attitude hold control 
system. 
 
Fig. 3. Pitch rate command /attitude hold controller architecture. 
 
3.1 Flight Control System Design Rules 
 
The requirements used in the design of longitudinal flight control systems are those is 
considered boundaries of the level 1 flying and handling qualities as presented in MIL-F-8785C [16]. 
These are repeated here in Table 2. They are expressed in term of short term mode damping ratio, 
ζs, Control Anticipation Parameter, CAP, Gibson dropback criteria DB/qss. 
The control architecture and the requirements used in the design being defined, the next 
section presents the control algorithm for automatically tuning the controller gains to achieve the 
desired flying and handling qualities. 
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Table 2 
Flying and handling qualities boundaries 
FHQs Level 1 
Short term mode damping ratio, ζs 0. 5   1.3sζ≤ ≤  
Control Anticipation Parameter, CAP 0.16   3.6CAP≤ ≤  
Gibson dropback criteria, DB/qss 
2
0   0.3
2
desired
sn
ss
s
D
q
T
B
θ
ζ
ω
 ≤ ≤
  
 
 
 
=
  
 
The procedures needed to find the controller gains that satisfy the requirements of flying and 
handling qualities and robustness for the augmented system in Fig.  3 is given as follow: 
1. Select the design point (flight speed, U, Center of gravity location, CG and altitude, H). 
2. Compute the state space matrices [A] and [B] for the unaugmented system as described 
in equation 3. 
3. Choose the flying and handling qualities constraints as shown in Table  2.  
4. Using the pole placement method, compute gains of controller at the selected 
equilibrium point. 
5. Assess these local gains. If it is not satisfactory, return to step 3, else save the result and 
go back to step 1.  
 
The flow diagram for the procedures of designing superaugmented flight controls system is 
shown in Figure 4. 
 
 
Fig. 4. Flow diagram for the procedure 
of designing a superaugmented flight 
controls system 
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4. Results 
 
Before preceding this section, it is important to define the expression of augmented UAV and 
superaugmented UAV. In this Paper, the term of augmented UAV is referred to the UTM-UAV which 
are statically stable without augmentation system. While for the term of superaugmented UAV 
which is statically unstable without augmentation system (i.e., has a negative static margin (kn< 0)). 
The algorithm was applied to 5 flight conditions in term of altitude, speed and centre of gravity 
position. These flight conditions were selected within the UTM-UAV flight envelope. The results 
here consistent with Mat in reference [17, 18] 
Table 3 presents the flight control system gains for the structure of pitch rate 
command/attitude hold flight control system (PRCAH), in Figure  3. The values for different CG 
positions of UTM-UAV are presented. 
 
Table 3 
Flying and handling qualities boundaries 
Augmented UAV 
Kn (Tθ2)actual (Tθ2)desired Kα Kq Ki Km 
0.27 0.25 0.43 5.73 -0.55 -3.38 -0.18 
0.17 0.24 0.41 3.67 -0.76 -3.85 -0.35 
0.067 0.23 0.40 1.60 -0.98 -4.31 -0.52 
Superaugmented 
UAV 
-0.033 0.22 0.38 -0.46 -1.20 -4.78 -0.69 
-0.08 0.22 0.38 -1.50 -1.31 -5.01 -0.78 
 
Figure 5 shows the aircraft time response for five different static margins, kn for UTM-UAV. As it 
can be observed, the aircraft is successfully controlled. The settling time for all the five models is 
less than 2 seconds and the steady state error is also less than 1%. Regarding the dropback it 
remains well below 0.3 as imposed by the performance in Table 2. 
 
 
Fig.  5. Response to 1 deg/sec pitch rate command for the UTM-UAV 
 
 
Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 
Volume 40, Issue 1 (2017) 27-37 
34 
 
Penerbit
Akademia Baru
4.1 Flying and Handling Qualities Assessment 
 
From Fig. 6, it is seen that for both augmented and superaugmented UAV, and under all 
examined speeds the UTM-UAV configuration is inside the region of Level 1 limit given for the CAP 
criterion. Fig. 6 also demonstrated that as the speed increased both the CAP value and the short 
period damping ratio are decreased. 
 
 
Fig.  6. CAP criterion assessment of UTM-UAV 
 
Using the definitions of Gibson's dropback criteria, theresults are presented in Figure 7. As 
shown in Figure  7, when using the Dropback criterion the UTM-UAV augmented, and 
superaugmented configuration is assessed as Level 1 (Region of satisfactory response). This last 
result was expected since the requirement for zero pitch attitude dropback was used in the flight 
control system design. Although not exactly zero, the actual pitch attitude dropback is nevertheless 
minuscule. 
Actually, from the flying and handling qualities assessment, it was found that speed variation 
has an effect on the criteria parameters. From Figure  7, it is seen that as speed increase the 
dropback, DB/qss decreases and the overshoot ratio,qmax/qss increases in a lesser degree. 
Using the definitions of Gibson's dropback criteria, the results are presented in Figure  7. As 
shown in Figure  7, when using the Dropback criterion the UTM-UAV augmented, and 
superaugmented configuration is assessed as Level 1 (Region of satisfactory response). This last 
result was expected since the requirement for zero pitch attitude dropback was used in the flight 
control system design. Although not exactly zero, the actual pitch attitude dropback is nevertheless 
minuscule. 
 
 
Fig. 7. Dropback criterion assessment 
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Actually, from the flying and handling qualities assessment, it was found that speed variation 
has an effect on the criteria parameters. From Fig.  7, it is seen that as speed increase the dropback, 
DB/qss decreases and the overshoot ratio, qmax/qss increases in a lesser degree. 
To evaluate the gust sensitivity for the UTM-UAV with superaugmentation flight control system 
at different CG location (static margin), and to ensure that an ideal design value of this factor is 
when the CG located closed from the aircraft neutral point.  
Figure  8 show the pitch rate, pitch angle and actuator activity of the two UAV vs. time as they 
were recorded from the simulation. The selected augmented UTM-UAV is when the CG located at 
(XCG/C=0.325) which is the current location for the existing UAV, while the superaugmented UAV 
refer to UAV when the CG located at (XCG/C=0.468). 
From the results presented in Figure  8, it is apparent that the augmented UAV control system is 
working much harder than the superaugmented UAV to maintain the attitude, yet it has more 
undesired motion in pitch. A higher gain control system with faster actuators might be considered 
to bring the gust response of the augmented UAV down to the Superaugmented UAV level, at the 
expense of even more actuator activity. This may be prevented by stability limitations and 
unmodelled dynamics in the servo, structural modes in the airframe, and linkage flexibility between 
servo and elevator surfaces. Besides, the higher quality (more expensive) servo may be needed to 
survive the higher activity required. 
 
 
Fig. 8. Pitch rate, pitch angle and elevator activity of 
the two simulated UAV in severe turbulence 
conditions 
 
For further comparison, a fast, significant change in the background wind direction was used to 
simulate a single discrete gust. The UAV is initially flying on a steady level flight, and the gust is 
applied from the downward. The gust was modelled as a “1- cosine” gust. The ramp up starting at 
0m/s then reaching 2.14 m/s at 0.64second and remaining as shown in Fig. 9. The Pitch rate, pitch 
angle and elevator actuator response to this gust is provided in Fig.  9. 
Both simulated UAV were able to remain flying after encountering this gust, but the responses 
to the gust were very different. The superaugmented UAV initially pitch away from the gust due to 
its positive value of Cmα, then back again closed to zero when the gust is settled. The maximum 
pitch attitude for superaugmented UAV is about -0.3deg and occurs at about 0.71 seconds, while 
the peak pitch attitude was 1.6 deg for the augmented UAV and happened at 1.5 seconds. 
In this simulation, the motion due to gust was small for each UAV because the control systems 
were able to remove the gust effects. In this scenario, the superaugmented UAV advantage is more 
clearly observed in the elevator activity (Fig 9), which clearly shows that the augmented UAV is 
working harder than the superaugmented UAV. 
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Fig. 9. Pitch rate, pitch angle and elevator activity 
of the two simulated UAV in severe gust 
conditions 
 
4. Conclusions 
 
This paper proposed a technique to improve the performance of small UAVs in gusty flight 
conditions. The technique has been developed based upon the FHQ and multivariable stability 
technique. The algorithm has tried to find a controller that can satisfies several performances 
expressed concerning handling qualities. The control system was applied to UTM-CAMAR UAV 
model. The results obtained here showed this control system can improve the model navigation 
system of the UAV.  
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